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1.0 TINTRODUCT LON

Thin final technioal raport is submitted in complisnce with ocontract data

reguiremspts list (UDAL) #mequence rumbar §, DD ferm 1423, oondract No.o POY¥6§1-
T7-0-0017, *Hot Pall and Sccket TYCW.

@ seopes ol work covered by the above contract Included {our phasey as

followa:

Pnama 1 ~ Program Plan and Nozzie Demign

Phase (I Frboricatiom and Teating

e 111 - Bozzle Redesign and Supporting Efforts
s +I¥ - Fabriostior andé Tesving, Second T-in. Noazls

The basic program conslsted of »hases I and IXI. The primary objeative of
he basic twuo-phase technical effort wes to demonstreate the capability of a hot
L and sooket (HBS) thrust wvector control (IVC)} system to perform to the

1 yuirements typical of the MX Mrst atage nozzle {(1,4¥00 pasia for 60 sse with a
90 20lids/21% aluminum (AL) hydroxyl-terminated polybutadiene (HTPB) type

pro allant ). The first phase : wolived the design and analysls of a 7-Iin.

throat diam=ter (I?t) HBS nozele TVC system. The sescond phase encompasaed the
fabrication and stvatlc test firing &l the Alr Force Rooket Propulsion Laboratory

(AFRPL) of ome nozzlae and TV aystem,

Phaser 117 and IV were later added to the basic program following the exit
cove Palleve sxpertenced durdow teast Ciripg of the flrat Fedn. D nogzla,  The
¥ ¢ %
wrimary obloctive of the add-an effort was to correct (he problems sneountered

I ¥ J

]

and demonstraie socceastul opesrcation of dbe T-drn. by HES

durdng Lne firat

under condftions reprasentatlive of adveancad upper-stage appllications,

approximately 790 psla Yoo 75 mec with a propeilant of sodersie eroslveness,

Phase 101 enversd wodiflesiion of the design of phase I, snalyasis of the

modlyied dendan, laboratory testing aod sabacsle flriog Lo support the rodesigh

affort. bprase IV dooladed Dabyriast ton of the second Vedn, Uy poxede, mateclial

R
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property testing, nozzis bench testing, statio firing at AFRPL and, subasquent

posttest wnalysis,

The psriod of performence for phases 1 and IT aowvered from Maroh 1977
through Novamber 1979. The first nozzle was static Lest firud 8 Pabrosey 1979,
Phases ITX snd IV coversd the period April 1980 through January V982. The
second nozzle wes static fired 20 November 1981.

Pricr to testing the first 7-in. D, wozzle, Chemloal Jystens Division (C3D)
experience with the HBS TVC nozzlc conaisted of two oompletely sucosssful firlng
demonstrazions of 2-in, Dt mwozzles. The first, daveloped under Indepandent
Research and Development (IR&D) funding and tested May 1976 &t AFRPL,
dJemonstrated single plane vectoring of 16 Jdog at ms sversge pregsurs of 882 pals
for 41 ssc. The seoond, tested at CSD in Auguoet 1970 under Naval Surface
Weapons Center (NSWC) contract No. N60921-7T-C-0240, sucaesafully denonstrated
15 deg omnlaxial vector ocavahility at an averams prossure of 1,000 psia for 23

sec. These two tests were succesmaful in all respects.

A maicr scale-up affor: was undertaken in the program reported hearein. The
challenging degree of sceleup can be ssen in Figure 1 which compares the 2-irn.
Dy ball teated in 1978 witn ths T-in. Dy hall teastsd under this program. The
first 7-in. Uy nozzle md s throat area over 12 times larger, a test | 'sasure
35% hizber with a more severe propellant sod was tested on a motor with 50 times
the propellact veight than that assoclated with the NSHC nozzle, the largest

tested (o tLhat date.

]

%mm&mmmmm&mmwmmmmmmmm N ) R ! o
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Figure 1, C aparison of H3WC Z-ic. Dy Bali Tested August 1978 with
AFRED, T-1n, U4 Ball Tested Fabruary 1679
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2.0 SUMMARY

The static tes! of the first full-scale (7-in. D¢) hot ball and socket (HBS)
thrust vactor oontrol (TVC) system was planned to demonstrate the integrity of
the nozzle system under conditions repreaantative of the MY first stags and to
acquire data to define the TVC performance wider thess oconditions. The atatic
test was conducted on the Short Length Super HIPPO (SLSH) motor at test pad
1-528 ©f the Rocket Propulsion Laboratory, Fdwards Air Force Base, California.
The propsllant was Chemical Systems Diviaton®s (CSD) UTP- 188034, a 90¢ molids,
21% aluninum hydroxyl-tarsminaced polybutadiere (HIPB) formulsilon. The measured

average prasgsure was 1,355 psia, and the duration was 50 sso.

The syatem performed as lunned up to 10 sec when gas leakege appeared at
the threaded interface between the ball extsnsion and the exit cone && an azl-
muth of about 100 deg. Hetwaen 10 and 15 sac the leakage plume grew in size and

aft toward the actuator attach ring. A second leakage plume at about 60 deg was

obaerved beginning at 13.9 sec.

At 16.% sec i leak at the 100 deg azimuth guickly opened up aft to the
compliance ring. At 7.3 sec the nozzle began moving as programmed from 8 deg

bock toward aull, bt gtalled at a 7.5 deg vector angle. ‘The ball remained

intact at this angle throughout the remzinder of ths 60 sac propellant burn.

At 18,6 ase an sdditional leakage plune was seen at the 330 deg azimuth. A

flash was obaerved at sbout 190 dey, snd the apparent corack at 60 deg opened
greatly. At 18.7 ser the exit corm brolke up and was erxtruded througn the atesel
actuater attach ring and ejactexi. The actuator attach ring weas wjectesd at

19.Y s=ec.

kasentially all of the efected nuzzie components were renovared. The
rrozzle was reconstructed to assesa the fallurs, snd contour mes: ared to deter-
mine material erosion. The ballistic throat erosion rate was 11.0 mila/sec.
Key recovered componeris werg Porwarded Lo Southesro Hesearch innstituts {(SolHi)

and Atlantic Hesearch Corporstlon {RARC) for Mapther analveia,

R A i L e
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Upon nozzle disassembly and posttest anslysis, the socket was found Lo ba
cracked. The orack in the socket may have hean related to the losa of the exit
oone and actuators. The losa of the contribution of the axit to thrust and the
loss of the forward actuator bias load (pull-cnly actuators) nearly tripled the

bearing load on the socket.

The following significant problems were observed in the test and posttest

analyaia:

Thread leakage, exit breakup, and ball extension loas
Excessive forward aplitline erosion

Aluminum oxida-daposition leading to TV( system stall

& 2 e 2

Cracked socket.
The following was accomplished in the test of nozzle S/N 1:

® Demonatrition of survival of the ball and socket at an average
pressure of 1,355 psia for the entire planned 60 aec duration

) Succesaful vectoring through 16 deg of travel for the first 17.3 sec,
including deflection to the planned maximum angle of 8 deg

[ Command to position accuracy of better than 0.1 deg.

The design of nozzle 3/N 1 was modifled for nozzle 3/N 2 tn correct the
problems identified in the first teat. Laboratory acale teating and a subscale
verification firing were conducted tc evaluate the modifications planned for
nozzle 3/N 2. The deaign modifications inciuvded an improved exit cone and
Joint, a sacrificlal entrance sxtension, carbon-carbon {C-C) surfacse treatment

o

and a carbon-phenolir lockring as a replacement for the C-U.

The stat{c test of nozzle S/N 2 was conducted on the SLSH motor at the Air
Force Hocket Propulsion Laboratory (AFRPL} under conditions rvepresentative of
advanced upper ataze applications. The propellant was CSD's UTP-19687, a 90%
aolids, "0% alominum (HTPR) type with 12% oyclotetramethylene tetranitramine

{HMY ). e measured aversge prassure over Lhe 7% aecr duration was 688 psia.
£ 1
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The nozzlo experienced seavere annular flow around the hall for 5 sea after
igniticn. The flow resultsd frow tiw ineblility of the ball to instantansously
translate 0.30-in. from the foivwerd lock: ing to the socket due to the inability
of the pull-only actuators to instantmneously backflow hydraulio fluid snd allow
motion. The ectuators held the ball off the socket wntil the actuator cylinders
bled down, &t which point the ball sealed on the socket. Aluminue oxide deposi-
tlon from this temporary flow wan extensive on the ball, socket and lookring

surfacss, and led to nozuzle atall alfter the flrat veaotor svent.

Upon pesttest disassembly the oomponents were found to be in excellent
condition considering the unexpsctuedly severe acnditions to which they were
aubjected. 1In fact, the socket, exit ovne, metallic structures, and actuation

hurdware are virtually reusable.
The problems associated with nozzle S/N 2 are summarized as follows:

® The actuation system was unable to instantaneously relieve hydraulic
fluid from the antuator oylinders, and prsvented the ball from trans-
lating 0.30-in. and sealing on the socket for about 5 sec

o During nearly 5 sec of annular flow around the ball, aluminum oxide
liberally plated on the ball, =ocket, and lockring

° The aluminum oxide solified after one succezaful vector evsnt,

stalling the syatem.
Significant accomplishments recognized include:

) Demonstration of the capability of a large (7-in. Dt) HBS nozzle to
survive the thermal/structural enviromnent associated with advanced
upper stage conditiong

s Demonstration of the tenacity of 3B C.C as evidenced by survival in an
unexpectedly adverse eavironment during the 5-gec of annular flow
arcound the ball, snd wmder subaaquent stall foroes experisnced during
the remaining planmed curstion

* Damonstrationr of a largs C-C ball and aocket to provide 2 non-leaking

tntarfane once pesled.
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Demonatrat.ion of the erfectivensss of the gaarifisisal entrance to
reduce sntranca and aplitline erosion.

Aequisition of atgniticant. data and experisaoce to ensble Incorporatt on
of improvements in C-C matarials and subssquent HRS 7YC designs.
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NOZZLE S/N 1 CONFIGURATION

The first 7-in. Dy nozzle conformed to Chemiesl Systema Division (CSD)

drawing C13179-01.01, "Stalle Teat Assembly - Hot Ball and Socket 8 Dey.

TVvC

Pavsical charactsristics of the nozzle asmembly depicted in Figure

wlth the Short Length Surer Hippo (SLSH) test motor.

o of 13.8,

socket) and exit vone were all 3D carbon-carhon (C-

carbor

- SLYH
abantm

Rate A e e gy nches,
Filgure &0 Eot Ball and Socket
8 e oy Contyaet Mt [ I SO

N
E N 90 corbons

Specilic gravity
190 /e

& inciuvded sn overall lergth of %9 in. end a dismaetor of 40 fn. at the Interface

The {nitlal *throst dizme-

tar was 7 in., aad the exiv plane dimweter wes 26 in., providing an initipil

The ball/integral throat and entrance (ITR), svcket, lockring (forward

Ny
i

The billets from which

these components were machined were fabrl-abted by Fiber Materials, Inc. (FMI)
with Unton Carbide T-300 fiber.
to the 7 in. billeta, fabricated by FMI for the AFWAL/ML T-1in. MANTECH program®,

axcept thal reinforcement spacing was reduced ¢to 0.28C 1n. at the throet.
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Tha socket praform {ncluded bdoth the sacckat and lockring. The scokat
preform design (Figure !') reflected an atiempt to Lnorsasy the axial stour-out
carablility of the finished parts. A 1% deg Crustre design wes umed to ensble
the axla) fiber bundles to contribute to the axial plane thear stroengih.
Weaving . ne socket praform as a frastra reqguired an ifncrease in the nusher of
axial am radial bundles as the dlametsr increased to prevent the axial and

radial voliume fractions f{rom decreasing from the forward to aft end,

The exit cons preform deslgn {Flgure 5) contained a 40-~40-20 axial, clrcum-
ferential and radial volume fraction distribution. The exit oone design
reguired a step abt about mid-length to accommodate a shear lip for the actuation
compliance ring. In additior to incressing the guantity of awxial and radlasl
vara bundles as the diameter increased, the axial bundles were tapered to pro-
vide n more wniform volume fraction distributicon, This preform presented a
major challenge to 3D weaving technology in that 1t 1s the largest 3D C-C
frustra ever fabricated, and many of the imnovations to provide a uniform part

had never been attempted on any previous part.

Snckat components

Geomelry compansation

o iapsred axial yans
® Quantity of axial and \ agie
yarns increasad from forward
to afi sections
e fxials woven at 15 deg cone
halt ang'a

Bemnforcanen! graph
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“’] Construction detais
-
] / @ Soacing

Sg = 0.10/0.15

e 1A
r“";a:-—----g S(- = 0.12%

Spe = 0.8

Nominai volume frartions

T‘*whﬁhm Vg = 20%
e Vi = 0%
Vi, = 80%

i

Geometry compensation

v Tapered axial yarns
woven at cone

e (uaniity of axial
and radial yarns
increasad with

increasing diameter
B ‘"'“""-n\,_ e Forward integral
9.3 - flange section
e KN

Preform overlay -~ 30 C-C exit cone
Figure 5, &/8 1 Fxit Cone Preform Design
27156

411 biilets were denaified using FMI's 5 ksl pressure-impregnation-
carbonization (PIC) precess. The tmpregnant used during densification of the
bali and sccket billets was allied 15V noal tar pitch. The socket and lockring
were subsequently macbined rom cne billet. The final density of the ball and
gock- ¢ Pillets was 1.9 gm/cc.  Bshland 4240 petrolenm plteh was used for the den-
sification of the exit cone. A summary of tne densification process for each
billet s summwar {xed in Table 1.

The exit conv z#lso presented a ms jor challeage in denaificatlon because of
ita afze and shape. The fi~st two low-piressure oyoles were sach followed by
graphitizatton,  Uaring the inicial eycle a problem developed. The oone buckied
Toce lly in thres locstions ac the largs diamater. Laok of proper {rame support
duiring the tritial cardonization appsrsptly caused bthese buckles. During
sitbisaquent procesning the buckles, or uwuisntions, reduce in ssveriltly, out Lhe
finad machined part still axlobited welnkies . Following the two low rassore
cycles, e BITIet wma ogphfected Lo twe & ksl PIC cyoles, bringing the deusity

IEET S C S T I A A: thig polut Low por

ure lopragoal ton and armospharioe

2
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TABLE i, DENSIFICATION PROCESS SUMMARY, NOZZLE 5/N 1 BILLETS

2043L
Low Pressure
Impregnation
Pitch and Carboni- Presauweﬁ" PICE Resin Grapaitlzetion
Impregnant { zation Cycles pal Cycles | Cycles Cycles
o 1
Throat 15V 1 5,000 5 2 g
Socket 15V 1 5,000 5 1 T
txit cone A2k 2 5,000 2 2 5
—— i 1‘
% PIC = pressure impregnation and carbonization
t For PIC cyles
-

carbonization with resin was incorperated to increase fthe density toe 1.7 gw/cc.

After final machining, the ball and socket were CVD infiltrated with pyrelytic

graphite.

Figure 6 depicts the {inal machined ball, socket and lockrivg. Figure 7
shows the exit cone as part of the nozzle assemhly with Uie gcetuatorss attached
to the compliance ring. The lockring exhibtited in Figure b was not used in the

static test assembly ailnee 1t falled in bench testing. The lockring failure and

asubsequent recovery sre discussed in section 4.1,

The actuation system consisted of four puil-Forward-only hydrautic actua-
toes inatalled between the nozzle adaptor ring and exti sone complliance ring.
Oppesing palrs of actuators ware controlled hy » ootuch and yaw servaova've that
reaponded to commands origlmating tn o a duty covele generator and proaoessed Dy oan
electronte control unlt, completing the closed-loop conirols One poatantlome?er
iratalled in each actuator provided nozzle posnltion feedback. 1o the puall only
configuration the nozvle blowolT load is raduced by U wimount of tha pull load
of the setuators, reaulting in reduced bearing loads sl Corque. The actualor

t s

assembly cont'iguration in presente tn Fluare o)

Phe vozr e/ SLEH motor alapter and compltomen pine wers omade of 8314500 ad

130 mteed raspect ively. Cooober oand silzonsohenoi e temulatons protectaed the
mat ot te o steo s Jeesa fhes adph Teaperal e of the

vy
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Figure 6.

Final Machined Ball,

socket and Lockring,
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b0 RESULTS - NOZZLE S/N 1

N1 BENCH TERT

Prior to asaenbly of the carbon-carbon (C-C) nezzle, the steal adapter ring
was asaembled with a ateel ball, socket, and exit cone, The stecl assembly was
mated with the actuation system in the exact configuration planned for the
gtatic test assembly. This preliminary bench test configuration, shown mated Lo
the bench test fixture ‘n Figurs 9, enabled the verification and tine tuning of
the actuation system prior to checkout of the static test assembly. Upon
completion of the actustion system checkout, the atatic test assembly components
were assembled and bonded by Chemical Systems Division (CSD). The assembled

nozzle ic presented in Figure 10,

The nozzle was agsembled to the same test fixture shown in Figure & {for
hench test checkout. The objective of the bench testing was to subject the

assembly to every load it waz to see in firing, except of covrse; thermally-

irduced leads. The imposed loads include those on the forward lockring
during prefire steering checks and motor pressure tailoff due to the forces

rosul ting from the pnll-forward actuators. During these Cimes bhere is no

TS W I
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Figure 0. Hob bBall and Socket Nozzle and TVC Assembly,

blowoff load, g0 the foerward actuator load 18 unopposed. These are the only

Limea in the firing sequenca that there 13 a load on the lockring.

Failure of the lockring cccurred during sinuiation of the pre~ignition
staering checl wheo there was no internal pressure (blowoff load). The load

during this part of the test waaz 30,000 to 40,000 lbf ferward, all from the

actuators. The lockring threaded to the sockel failed ip hoop tenaion, brealking

into 3-120° segmencs while vectorad over 8 deg. The axial ioad was then Laken

by one gegment that sheacod the [orward 1ip of bthe sockel along a meridionod

{xbanced Yaxial® or coniceal veinforcement).  The tailed loeokring iz shown 10

Figure 11. The forward entrance insulabtors that provide some load carvying
1,

support Lo the lockviyg were not asaembled to the noezle ol bhig Lime Al s,

thare wase no adhesive in the throads pelween Lhe tockrong and sockel, an waas

typical of two eavlier sucoessful U

ance cnd some abiilty to defleol alihough Loe bheeods weeo "Uipnt® . Ty

orcarvanee of  Lwo independent Caiiuras wan ooeludeds 8 hoeop Pallhues of bhe
Torkring and ) oshess Y ure ol e socket foewaod o,
g

i ADOBIA T  E T eat .

At emive deaipgn, so Lhere was sowe oo
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Figure 11, Lockring Failure which Ueccurred during Bench Testing,
Nozzle S/KN i

27267

The design modification implemented for the forward eud of the nozzle is
presented in Figure 12, The socket and phenolic ring ¢n the outside diameter
{OD) were leit bonded in the adapter ring, but machined back to the "equator",
which remcored the damaged portion of the socket. The lockring and grafoil were
replaced with a ring from a 7-in, "MANTECH"-type billet made of HM fiber, wound
by Haveg and densified at Fiber Materials, Inc. (FMI). ‘Threads were eliminated
and a steel wing and insulators were added to give more rigid support in both
radial and axial (forward) directions. Bearing area of the lockring was

subatantially incrensed.

Upon completion o1 the desige modification the nowzle was again wated to
the bench te.t fixture. The nozzle was successfully subjected to the full for-
ward actuator load of 36,000 Ihtf. Attempts to pressurize the plugged nozzie and
voector at o blowoff lLeoad equivalept. Lo 1,900 psi motor chamber presgsure weore
snavecasatul . Leakage off GN~ through the enld ©D U-0C prevented foil preessaed-
sabione The hipgh permeability of 3D C-C at roan temperature is dell known,

fesnyer 1 sppronchess vere b aboots 2LO00YVY D o Teakage duciip Fiving i opegl i

peablonm was cne of Poettity dimitetions,. The D OO surlaces weare
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subsequent ly «wealed with RTV rubber enabling succeasful loading of the ball and

socket.  The RTV rubhber, however, prevented vectoring of the ball while loaded.

- B2 STATIC TEST

4 h.2.1 General

The statie test of the full-scale (7-in. Dt) hot pall and socket (HBS)

thrust vector control (TVQ) system was planned to demonstrate the inteprity of

the nozzle asystem and acquire data to det'ine the TVC performance under statie

firing conditions. The 8 February 1979 static test was conducted on the Short

Length Super HIPPO (SLSH) motor at test pad 1-52A of the Rocket Propulsion

5? . Laboratory, Edwards Air Force Base, California. The motor was assembled by Alr
¢r 4 Force Rocket Propulsion Laboratory (AFRPL) personnel in accordance with CSD

| drawing C12413. The nozzle as installed on the motor is shown in Figure 13. The
3 i propellant was CSD's UTP-18803A, a G0% solids, 21% aluminum hydroxyl-terminated

polybutadiene (HTPR) type. The igniter, a phenolic cartridge type, was in

| s ~ ; s, y m : oy
, accordance with CSD P/N C00631-07-01. The predisted average pressure was 1,235
l' .
psia over the planned 60 sec duration. The planned duty cycle is shown in
& Figure 1Hh,
i

14187
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Figure 14. Planned Static Firing Duty Cycle, Nozzle S/N 1
27158

'we minutes bafore ignition the nozzle was vectored 8 deg in the pitch and
yaw axes to verlify the readiness of the system. The nozzle/TVC system responded

as expected. Upon igniticn, the syatem performad as planned up to 10 sec.
Between 5.3 and 9.3 sec the nozzle successfully executed a 1-1/2 deg vectoring

sequence with torque levels as expucieu. 4AU 1U.0 sec gas leakage was obzerved
at the threaded interface between the ball extension and the exit ceone atl an
azimuth of about 100 deg. The downward angle of the leakage plume (back toward
the motor), as shown in Figure 15 suggeats the leak followed the threaded

boundary betwsen the exit and the ball extenslon. Between 10 and 1% #ec the
leakage plume grew in size and aft toward the actuator attach ring. A second

leakage plume, at about 60 deg, was observed beginning at 13.9 sec.

At 15 sec the nozzle bYegan ventoring to B deg in the yaw plane, conmpleting
this event as programmed at 16.3 sec and holding at 8 deg (for a one-ssc hold).

At 16.9 sec the lsak at the 100 deg azimuth quickly opened up aft to the compli-
ance ring, (Figures 16 and 17). At 17.3 sac the nozzle began moving as pro-

grammed from 8 deg back toward mull, but stalled at 7.5 deg. The ball remained

at this angle throughout the remainder of the 60 mec durafrion.

At 18.6 nec an additional leakage plume was seen at the 330 deg azimuth, a

flush was observ~d ab about 160 dag, and the apparent orack at 60 deg opened

graatly. At (6.7 smec the exit oone broke ap and was extruded through the ste]

44
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Figure 15. Initial Leakage Plume
27264

The actuator attach ring was ejected at

actuator attach ring and ejected.

19.9 secz,

A crack was observed in the ball extension shortly after the actuator
The ball extenzion subsequently came off in threc pieces,

t. 20,8 sec,

attach ring was lost.

at three different times. The section from §0 tc 220 deg was lost a

the 220 to 270-der piecs was loat at 26.0 sec, and ihe remaining piecce (270 to

90 deg) at 80.% sec. The sequence of events is summarized in Table 0.

As noted, toe ball - which includes the throst - and the sockel reaained ia

place, but with the ball! at a 7-1/2 deg vector, throughout propelilant burn.

Tatloft was at 8.8 sec. Figure 18 compares the predicted and measurced chamb -

preswure.  Chamber pressure was subsatantially higher (V%) than prediciad ot one

maxt wm, hut waa not delerained to be enuse of the fadlare. Thne siagimem megsi-

ured prossure wans 1 630 patay average preassure w35 padoas
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TABLE 2. SEQUENCE OF EVENTS, MOZZLR S/N 1

20435
Approximmtie
Time,
B Evant
0 Motor ignites, firing proceeds as planned
5.3 -~ 9.3 Nozzle vectors as planned in yvaw plane, one and one-half
eyeles with 1-1/lb-deg amplitude
10.0 Small leakage plume observed at threads at t{he 100-deg
azinuth
10.0 « 13.9 Plume growa in size, extends aft
13.9 A second leakage plume begins at about 60 deg
P1%.40 Nozzle begins vector to 8-deg in yaw; leakage plums at
i 100 deg sxtends forward
5.3 Leakage plume at 100 dag extends aft
16.3 Nozzloe cosmpletes vector to 8 deg g8 planned, begina i-sec
planned heold
16.9 Leak at 100 deg quickly opens up .n aft direction all the
way to the compliance ring
17.3 Nuzzle begina planped return to null, but atalls ut 7.5 deg
18.6 Additional lweakage plume appears at 300 deg; [lash sesn at
190 deg; and crack at 60 deg openn
18.7 it corne breaks up and ts extruded through the stse) actustor
attach ring. Baill remiins in place st T.% deg onwle of yaw
plane
18.9 Actuator attoch ring is = jected
208 Hall extension gection from 90 to 226 deg ejerted
2600 Ball extension section from 220 to 270 dey ajected
N Hotl extensioa ssction from 270 to 90 deg e Jacted
BO. b . RiLH Palt, which includes throet ramains in piace; propellant
e conttnoes as planned
s8R 8 Motor tallof? cceears nesr expanted §lme
A A e et S b s 4 e e o)
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%.2.2 TVC Data

The HBES TV( nozzle performed the %8 deg trapezoidal wave form in both the
piteh and yaw axis during ambient pre-~ignition steering cheoks as expacted.
During this prefire seguence, the basll was vectored ageinst the forward look-
ring. During firing the nozzle accomplished 17 deg of vector travel in the yaw
piane up to 18 sec, £he time of wexit come ejection (no vectoring was planned in
the pitch plane during this time period). The achieved angular movement during
the test firing is shown in the plot of yaw position versus time (Figure 19).
Movement of the mozzle as expected was recognized during the 1.25 deg triangular
commands between 5 and 9 seconds at a chamber pressure of 1,400 psis. An 8 deg
vector position was achieved at 16 sec when chamber pressure was 1,580 paia.

Measurad torque is plotted against time in Figure 20, Figure 21 presents
a crogs~plot of nozzle torque versus nozzle deflection angle for vectoring to
tl point of failure. The hysteresis torque determired £rom the full loop
wihisved between 5 and 9 sec 1s equivalent to one-half the width of' the loop, or
126,000 in.-1b. The friction coefficient determined from the datn was 0.11, com.-

parable to previous subscale teat data.

The offset torque is the difference between the center of the measured
torque loop and the axis, and is equal to 34,000 in.-1b. Since no offset
torgues were saen durlng bench test or prefire steering checks, the origin of
the offset 1s aerodynamic in nature. Industry data indicate thet the magnitude
is typlcal for rozzles of this size. The HBS aercdvnamic spring torque was

essentially zero.

The mepagrasd torque for the vector event to +8 dap 18 significantly higher
than eariter events and ultiagtely reoseched stall conditions before exit fallure.
The frereasing torgue and subsequent stall torgue way atiributed Lo inorsased

friction due to aluminum oxide depositicn in the forward splitline.

BL2. Uhermecouple Deta

Nineteen thermocouples were inatramented to the aft hall, sockset, eri! cone
Aard crs oactustor {piteh « st top desd oenler (TDCY).  The loestions are daploted
o Figues 00 The tomperatare peaponss of thecseoonpleas TU T theough To. 1% is
prasartec in Flgores 231 threough 51,0 Note that 120 ser corresponds with ignition.
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Review of these thermocouples indiecate all were responding normally axcept

for TC-A which was not reading at ignition. Thermocouples 1 through #4, monitor-
ing the backface of the socket, were racording tempsratures of 100°F or less, as
expected, u» to 16 sec when the ieakage and subsaguent exit cone ejection
resulted in logas of data. TOC's 5 through 10 (at the ball aft end and forward
axit cone) except for the non-fun tioning TC-8 did not shaw anomalous hehavior
inder the aircumstances of sovere flow experianced in this reglon. TC's 5 and
10, closest to the major flow, exhibited a significant change in therel
prasponse at 19 aec, when the initial flow started, until loss of data ocoinclding
with exit efection. Thermocouples 11 through 14 in the compliance ring region
exhibited maly a slight fapprovimately 200F) tempecaburs rise at 10 sec. Two
thermocouples near the exit plane (TC's 1% and 16) were not significantly

g

affected hy the sonditions between 10 sec and axit ejection. Tusrmoocuples 17

ana 1% on the 0 deg actuator cylinder unde o 1/8-in. thick silicone rubner
Luyer remalned at approximately 60CF for the emlire vime w tc exit ejectlion.
thermocourie 19 on the actuator sheft rore only 157F at the time of the initlal

lapls

4.7.%  Strain Gage Data
Four strain geges were lcocatwd on the compliatce eiog 9GY apart as sbows in

Flpurs 27, Plota of astrain varsus tlae For bhese Tour gages are presenced 1a
Figures 52 neough B0 One sign) Mlesnd dndicaiion exhibived is at 16,25 seo
correspordivg to bthe Lime (b nouorie sid actngpiors asparieral b atatl Foeoy ob

y
- 'h

CEYCE TR

T, e i




e
[y
i

o
-

L N/S ®1Zzog ‘s28en ulsd:

- o

IIWI!
KPR v PQad TT
MIBTGDT 4 ydd T

<Y

— e

3G T
o5 —
s e

Rl
06 —
: oy —d

~add

e

E
3 PR+ YOed T 4
(€ - H
PO S,
; KL 5
3 ow 133
SCL gi
8 Z
i
~
W

pivs

NERER

w o

\ o6 ——
4 parl
o0y

PO

L3

EENRER

i

Bl st ant 3 RSN, LY

3
Lodd
RS e B A B SRR T BT A

Pl
]
Pk
+

¢

|

§

LT RS L T

10

LBOT D&
m saoed &
124 uonpns

S




e

g

A%

ity

e

Y ABPRTRTRTY. )

A o e ——— T J_LWW?M‘&M!{INK!:XKWYT?!‘.‘WW

K}

e
et

ELRUNG e

318

Iy
It

4

SALER.

140 .

R

e

13¢.99 ISQ‘S”‘

164.98

.

i

AT

)

1

Neaa

the.my

198 .00

ATt v

RECOMNS

finr

TC1 vs Time

3.

¥

@
$u

Figu

27271

; - e - N |
— - e e, I ——-
- [ N S T - .
R GRS St S 2 S -4y
——— e -1 . !
—— —— &!Lllfl.'LJf -+
‘ - §o—r———d & - [
U SUSSRNENVAYY. NS SR 1 N
o T — :
= T e g e - —- —— 5
b EEIE R e o . i
= T I T T T T
. R U S G UG e =
e ek e — — -
ki —_— e bl e e e oy
= o D3 - h
= m e e e e e L 13
———t — H
Ze- - R e R — B
o ——— i
- S —d
-] A

5T
|
+
!
]
i
|
}
.
i

X
|
j
|

)

i

1

¥

4
Y2 ows Time

” _ — - . F
s R S o apruA R i §
B T o7 e HE .m
= e ———ta} - e i -—— e ot T [ 3 g ?
> A - = =———2 e 3
[ Y UV S S 13
TS —~ - T &
: == ! -~ = =
- e e e e — e m e - B ws == #
— . e — - - (- o~ >
= . e - B T M
o _ — - Tt TR 3
< T : % E
[o g ——— — e e o v = - —_— - r WA o
— i — 5
= U FA
e e m ey 3
N PR Syt ot = m
— = : ] Z
= RS S S A — B RN - %
< —- JOURUES N SR S - S S P o -
- . I b i “w
[ el S s T O
= AR S N T ]
£ T T - T T s ;
5 - R R T e :
v e T —E A
> - B e ot SR S - - N
- [ S S, - ; ———— —_ — i 3
S O i -
— B e e : :
‘ DD D A S Z
- e e e e b £
waf na = 3
o e




27273

FIRING

R Bo.aw

'
[} 20 O RN Y

1he co

6 FEH 1979

TEST

Tve

n‘luut ha e
TC3 va Time

SLEM HOT OALL AMD SOCKET

C T R AR AR

Figure 25.

VN 4.

e

1
17468

o T et A
'
e SR TR
Ve e

33 o -
T ou\wwuﬁnla L o e

s W e xwmmﬁ

R

r
“rs.on

B FEB 1975 FIRIND

-

TES

Ve

e — -

J O R,

T

SOCKREY

CSLSH HDT BRLL AN

-,

2T2TH

l"l ;H“ !’“ ; mm ”»”

TiWae

T AR RO R

RS

N
we.ay

Tiiww”

el
TCH va Time

A E RN
LR

b

il
oW
oy
e ’;l‘ -

L

[ S
—_

,'1V'|TI|| - —-

B 1

Ce e b e e e o

— e b e e o e

ey
Flawrs

b

U
e .

[}

X

e

[

]
e

e oy

vl

T

I\



bl

27275
« Iy()((r

- e e ————— - —

. e e = - Co- -
e e s e R e e T
Vu|||4 s W _ .

= —

|

{

i

¢!
.
-

|
b

AT T

FIRING
«
i

FIRING

6 FEB 1979

8 res 1979

Time

nim.u W o e s e

TC5 va Time

w s —bee e - 1 2
w Z - - R P
— o~ - - L
: ;

. e B o
o § o e " £ :
> 2 g ———— e ~yf &
2 s by 3

¥ - ¥ 7

7.

Z
4

Figure

Figure 28.

SLSH HOT HALL RMD SOCKFT
I
|
7

SLSH HOY DALL AND SOCKET
}
1ol e . O T
1 :
'—J
i
}
|
|
! 1
B
Sr.m 1te.e  ien.en

TN T - AT

..... : L S thietn Jul: o R z LN ls
- _ T SO s e b ot N

- \ L3 S e :

- —— - e B R T . Ao

PRt

oy = e e 5 = e

oy sk gsed l..._ﬂ-
: ik

e —— e

P R SR PO - . N
AT AT i

T e

i

0ok wem Iul I‘!.nﬁ.-ﬁm &nl.ucw.!,lu_m.ﬂ.t, ex xe H.

——— EES PR, SEEP. .t U A I




27277
Y7ETh

R reT——— LTI

e ToTITETTTT T o
S = e T T T _
T STy TR T o e I

1 {
e —— e —— -

H

et - e+ e
) v

e
. ! f
: [
! !
#
; + [
b
E o
D XTI O

FIRINO

et Rt 4 -

FIRING

8 FEB 1979

B FER 1979
1

l'ivilvnA W00 the 88 0

— . e it e et o ra e o e + - = = —
.Clu - e e T - - -
[ N S R e . -
o . . “ o
— R C el
- = - Tyt e - - R et -5 -

TCT7 va Time
TCH va Time

IVC.
AT NN
Tve
i3

|
kel

TIar

14408

|

Figure 29.
Flgure 30,

- ——— IR ] . i
L e—— L : - e
- e n!ll._..ll_ e e 38 A e ir
e L - i - - - -
b s - -
s — : - PR o e e -—
cm et sre L TG - 3 At e e - - — e gy
: o o S SN ) I — L . ST
: + [ SR RO PR = b e e R
v : - ! ; £

- - - .- L N B e B B .-

- —_ . '
R g

*

- + -
- R el .- - ' - = -
e e e e e L N —e g
b B T T I, T - -
By SSIS QUIS D NS AU SRS . W

|
|
i
|
l
|

;
]

'

1H..

5154 . HOV BALL AND SOCKET
'

SLSH HOT BALL ANMD S0CKET
1
l
Ll

!
'
1
N
i
|
t
1
i
!
-~
}
V.00

- TesgTTTeT o Ty — — :
W.wum ..N ‘!.-ﬂ&y_&r&.ua&rwmﬂ.:ﬂmﬂ_ el ,“ bl léllﬁ.--ls‘m.,lmuﬂuluﬂﬂg mw wn

SV L D SO S e e

AFe.se

TR T R e




PRI

P i Lkt )

, HAT PALL Rlal SOCKET

SLSH
M

1

—_——

T .l.wy.,.“..wa*.lTw.!! - T T -

=

.

AT )

T

B

V-

Ligd, i3 Y

Tiw

290.tw

I

e Bl B o 2 o Rk L kY il

H . . -
B TP S NG UL St~ gyt U D sy e

- o 2 i

TCY vs Time

Flgure 31.

27279

ik

- ‘,,.;l

Briee

S
1621 .09

o

153

. o e =t el - -
R B W s .%«-lhmw,uumw .

"
'ty
[ #
¥
Y
'l
4
]
a

NS
Jor -0y
v

(RN, AUk

TG wa Time

Ty
FEA

Figurs

&7280

ah




7281

2

TR

-
£

ey

L T T 2
e s '3
T T == b £

G FEB 1979 FIRING
]
L]
]

|
|
1
|

N

TEST

TC11 va Time

TCI2 wve Time

,i
w S . § i ,
> T 18 e 4
- o . 487 =
—— —— —— C——— —_— - - i -
H - L“ww u.
e 2
S —_ . L8

Figure 33.
. AND SOCKHED
1
{

[l
Figure

4180 HOT PALl
!
e
!

)

L
!

t

i
[t ]

m - - —— -
£ - - IIM - { ,n
M RELTE TR PR AR R, R, TE RS wE e




o
|
|
|
i
|

'
D
!
‘
1
'
§
A
Viaw

i
1
N

|
N

!

;

27283
rEHY

o . is S s
=z - —— — e = s
z e £ = e o - E

= == - - k 2 T B — .
I SER e - T i ‘ ‘g
T 2 - - i3

[ . - 0= T - =

o s e - le ST e -
5 — } . i
= o e e dm - e —_ =3 ——— e ——— o i
—e ek T b — -

{ :

t
'
t
Y

8 fFfB 1579
i me

0 Fty
|
!

o

o {
| g - - 2
. ———— - '3 Py . [ - :
e oo Sl
b —— — - - —_ —_— ! ——— - - - ’ =
- nll!.ll'.‘i.nu. _——- - = : o _... 7]
, . = £ 5 _ e e £ 3
= i — .o < T . aoE
) I 2 A — e o
H & =
i

R 0BT,

TV
|
|

|

§!

198 .08

TV
.
.
1]
1
5
.
4
1)
AL
84y
RN by v

1
L
tae .l
F
36,

SOCary
SOCHET

R TR A
Xy

RLIY

Figure 3%.
Figuare

AN

"; l.‘

e
HALL
i
i
!
i
!
|
1
]

I TR

SLSH HOT BALL

IOt

r

A

PG PR te el

|
N
SLSH HOT
SIRE
! i
‘ i
]
! som
s
f
i
i
]
|
i
i
P
v
e
N B T IR

e U e

<o - A e mew n_ﬂﬁlﬂ -J..mw» "R w> s = % w e

——— e = — .




A

e

Tt

T T T ek L7 € 3 TS AN TR W N Rt B Y 10 Y S YRR S

FIRING

8 FEB 1979

TEST

Tve

SLSH HOT BALL ANY SOCKEY

+

Selen

1.9

i

Wh Wt.en W08 tbe.e

he.on

bolew

AT

oo

B

s ie°

)

ard

8
.
3

ek w2

el & LR AT

KE1aNns

Lree

TCi5 va Tine

Figura 37.

27285

FERING

g FEB 1973

SOCKEY  TVC 1E8Y

AN

SLSH HOT BRiL

LN

ey

e

1heve’

AF( L

- [ 4
P T S -3
e i M
LSS e e e a4 -
i B L}
- =
—— - - IR — |

i o . Jn
D S .. i3

S R

" 2
b b e e g A

— ., 4

» nce s e nm_

2R Ty T TE Tr oaa e

TC16 va Tlae

Figure 38.

Rl

T

:
|
1

B R S o A Bt SN SR s i




27287
27268

i T : : T
el s spier i S LTI -
r 3= g - I o

—t i ¥ =) = i- *
S e ———— — -— - =35 -4 . e —————— e~ &
P - S = X T

P 1. L _ a e —_
- - xu.l.mlk,ll. .- .m ” - -_— - w
el N i3 e ——— e — .~ _ .3

r:i.lIrL!li\-!-. e e ; g e

LI
19749
i

. ...Ul..wll- e T o
s o e oLl e i " S e =

®
- - ’Illll‘|l||'||l.l-0 T - - +'I
M

BIPREIN T R O

87r8 1372 FIRING

8 FEB
|
|
e

Time

TEST
TESY
I
'
|
|
i
|
|

TC17 vu Time

— w L

T T T - - !l;_.m,\ - - - e - - =
= T e - - M g e e - .‘.nw = L b
R - - _ ~ I:.mm - I o I = :

!
<
‘
e
sre.ar
Tine
Bo

Flguie 39,

- i L
g - - S - 3 -
Socez o)
=4
- — -
e e - L - ;
- M. H .m she
e - e L Cl e e e £

HOT. B L RND SOCKET

[
|

SLSH HOT BALL AND SOCKHET
i
d
!

“..m i - - . 4 - . - R

o s B R S S |

b AP [ T S ~ - i T
: e — S e e e e e e - et
b R ; T K H 3
: —— e e e - e e e e - - . P

- -— “ . Z - !

L
T

lh amee . phoak R&n 'bcnlﬁwwwnwmw A T Prers et ek Bk W w_—mwﬂ d‘w nu.&apl-w ER] .!0 R
<l - -

v oaRa s




27289

STy

i e - '3 T T T T Tt e T 3

T e e - e e ———— - - e e e .
- S T g RSP E ot N *
lf.l*,s... t TR - oS T,/ i |
tlLflJ'.uAll..'lf.l.W!! - —— —_— —— - \l - oF

:
L
]

|

i

}

|
"
|
[
i

AN

I
1
|

|

i

!

i

!
vé!.

e

]
(W'Y
|$
L
' r l--
Hi
a
|
]
1
[}
FIRING
4
1
!

|
|
|
I
|
[
s me

1

!

l

I

|
S

‘
|
'
'
-

B FCH 1979 FIRING
i
|
|
}
!
|
)
e oM.

8 FEB 1979
!
i
NN
1
!
!
|
|
I

i
5

FERT

¢
i
'
.
—4
t
'
i
}
[}
: A ;
L repn e s‘o-ﬂ

TEST
Ve

|
;ﬁ
i
irl
[
|
!
1
i
i

[
I
!
i
|
|
1
!
i
| 1
il .
Ay Ui h

i

{

|

I

I i
i

1

YRS

e

1

i

1

i

'

i
e
Tve

1
|
1
|
t
!
t
1
i

'
t
i
-
(4

R TR e T T A AT
51.5H HOT BALL BND SOCKEY
]
4’-—44
_t
L
]
SN ”“#*%#4 Pty
¥
]
[}
i
W
SLSH HOT DALL AND SOCKET
ro
-
e |
]
[0
’%H
1
Il
1]
( ] o '
L
.
T
| |
P
1
bif
i
[ 1
Lo

g
L]
!
|
1
1
2

TC19 vs Time
i ;
H |
e
; { '
Cl
(o
l oy
i
I
[l
it
I 5||
P
N
S
| 1
i S, =~
Straln Gage 1, 0 del from TOC
»o
ST 21 Mol i MR ST ST N

i

1

I

|
Figare 11,

|
|
|
!
l
|
|
i
|
|
Flgurs 42,

i
|
I
r
-~
|
!
'\nn‘L
i
I
!
|
l
i
|

F i S s
5 Lo N i wah prol \Jwa_u» S E >k _ab wh_

N e R WEE PLeME, M R T w o




A FED 1379

YEst1

Ve

SLEM_HGT BALL AND SOCKET

27281

o TR e R, e P SRR 4

B e

|

]

!

!
o
R

|
I

B

l

l

F

(N

!
|
)
|
|
¥
|
|

&
i
!
s
j
|
J
i
|
§

]
!
T
’.
|
!
|
|
!
|
!

PRING
i
}

P
l
i\
[
{
{
i
1
|
I
i
1
I
|
&

SPELOn0S

v
|
3
|

S
.0

|
f
|
we
!
;
|

.
"

.
1

D R Sl St Sears ‘ x
- - = - - - - :
— AT . . & A N A 2
_ = BRI »\lw.dn.l, ;o K & - - . . 2 [oad
G IRU S St S SR St + g T T T T T e R
- e L S o _— B 2
_ it R R ' c 5 - - B T ¢
————— e, - — 4 — —3 [ n.lJ i e - ——— —_— :
PR St R S U S S S - _ : .
e — — e e e e Fes .

— e e Lo t nMu o s S - H z
S At - t 5 S mIT : ;A
s _ 4 = R
: TTLITTITITTO I TTO o @ T T T e s e e <
e M e TR E i N -1 o : L JE - 3 :
Tt T T T T sy e g -
T LI AT T T N m T T s e e S

fdo]

jo]

-

[+

[ 48

[——
X}

Strain (Gape

is = R e~ v = 1
_'4 - T L T A R T
-43 - e —— - e e e i
= . *
. " » .”; - - ———e . . tp———
L o - = - t
o] ‘ nnat - -
- = D e e 3 =
® < B - ~ =¥
12 = U S
: . - . - z o
x5 P S N S O
- - £ = .- - - . =
- ¢ 3 ksl T T T T T T T e e e - ¥
: I M . =z S i =
B = T T T T s — DS - - -t 3
[ [ U WD U { SR SN U S, 4 v _ T -
I SO A B * | £ CoT T T T T N H
I | B ¥4 J - :
S L s ] T -
e e — — A'lln: —— ‘lv" ..lArlll - - .
* - ey - - Rl - i e
w. £

1 ‘ - - B
— im.wﬂw :Ewh?.m. .mn.m#m.! nE me L RR R ORRRE Fhe” .J. T Ee R




1 - 0nosOe . « T
&l 1] 1 .?L:~ur1] iﬂ'i [ I".Hl.,l ‘/'!}\0 AFUL:N( 'l }JV‘L I[uvll i g 1,97‘9 jFlNﬂ\JT .41_,. r}.,r]
fip IJ, 0 EEEN NN
B b l ! 1’ ! | ! i ¢
. J ’ S A S I .'! , I[ R RO o
ERERES TN RS NA W AT l‘ i}\ ! 4o i
{nbmn] I AR ARG
B T 0 o O A 4o B 3 ceedidony L]
e { } l i l ' I R I B J
ntse N ERHUSHA RN
i
3 H \ Vo \ R [
G| - R . Jod ! l‘ I R
&l : )l Vo J| oy '.E ;A;.yl
P i P '
4 ‘ o i '
' t ' : po! Co ! :
%N‘.‘;; "‘Q'FL"'-G-J'"3\%‘.’\?{""55“6}““‘mi‘&“"‘.fﬁ’,’{' “"‘.‘I"i‘.‘;';-:“?';é':;r‘.’;‘_;'fb\?*v:{""N.;T;“f F T T TR W TR R T TR e e

Figure 45. Strain Gage 4, 270 deg from 9DC

aver 18,000 1b,  Another indiomlicw ab the 270 deg azlmoth (56 %) between € and

0 see correzponds to TVC actuator forces oxerted durlng this perinod.

§.2.% Recoversd Hardware Studlos

The sowxle hevdwars which remalned fobact ws dlssaseabled and studied
aling with the recoversd ejected hardwwsrs. The Chres pleced of the hall
etenslon and the exlt (which sspurated into 14 largs plecss) ars ahown —eassem-
bled in Flgure 6. The 100 deg Jocaticn whore leskage was Pirst obssived iz
clogest to the csmera. Nowe key pleces of the sxli abt the Lhresded forward end
whiclh ars seun to be miasiog were nobt precovered.

The postfire batl snd mozzle ring sre ssen in Flgure ©7 awd with the reaove

erad 20t hall extension reconstrusled in Fagure LB, The hall 4y shown in Flgure
49 after removal frow Lhe sooket, bub witi the forward lockring still in plaoce.

The novehr at O dag s a sww out from tosulator removal. Alumimm owide depoaits

fwordfied by chemiow! analynis} aecs asen beowson the ball and foresrd lockring

murteess vver the 00 dest s tbmuth and grovnd to about the 60 dag meiontn. Addi-

ranad alutioom e st gire meon on The gL Yaoe of Che Toeward Lookeing.
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There wis, by desien, a gap during Clr-
g be ween the o't Cace of Lthe Corward
lockring and the forward tface of the
socket.  In conteast, the matlog (aeal-
ing) sarface botween the ball and
socket (the shiny band on the ball) s
free of contamination and any slgns of
leakage. The ball entrance shown in
Piguere 50 depicis the high, nonuniform

erosion experienced during the Niring.

The aurface of the socket is seen

in Figure 51,  The shiny, mating

sarfaer with the batl is, like the

11784-27
ball; free of covbaniaation aod leakege
Figave 46, Reconstructed indicatlions,  Aluminem oxide deposits
Exit Cone and Ball i dent, . A 1

\ . . . are eyvident wiaver, in Che annular
Fxtension, Nozzle S/N 1 are cvident, nodever, in the ammular

21091 gep that existed during test forward
of the sealing, load-carryving mating su-face. he posthaest socket wag craclesd

atoabout the 230 deg azimuth., Upor electicn ol the axlt cone and aimiltaneous
Toss of actuation, the forward biased thrust and actuator Torees, offsetbing the
blowelf load, were alao lost, The result was 3 2009 increzse in the bearinug
Toad on the sockel causing hoop tensile failure of the socket. Note that the
erack adges are gharp and therce ju no sign of flow through or near the portion
of the erack extending into the sealing aurface. Note also that the aluminum
oride deposit oover the portion of tie orack forward of the sealing surface is
cracked correspordingly, indicating the sockel cracked after the aluninum oxide

sl bdi foea.,

The meaasurad arosion profijles from the vecovered components are presesnted

in Figuare 52000 The offects on o enbranee oroaiop ol tne 7-1/0 deg cant of the hall

of Firing ara cleacr, with maviman erosion (n the olane

of cunt o The node of the entrancs gvectored into the (low (se that  impingesens,

weils P iee e Pree Gl ey cocamnabho) o wae soaebed Bl aatdy orad be o mavipus depth of
L in st the e ter e Twie e She majoriby o Lhe Plow preanmiably

A 0 Ot o . ’ e e




Figure 47. AfL View of Posttest Ball and Nozzle Ring, Noxzle S/N 1
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Figure 49, Fostlire Boll,
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Figure 51, Postfire Socket, Nozzle S/H 1

21097

entered the nozzle! was aroded 1,24 1. The locations 90 deg from these were
eroded O0.44 in, and ¢.85 in. The average ballistic throat erosion rate was

11.0 mils/sec, which i3 surprisingly low for a 58.7 sec test of this severity.

The erosion of the ball ertrance and the surrounding forw vd lockring insu-
lators was severe and higher than expected had the {iring gone as planned. Flow
was severe encugh to okuse local melting of the steel cing that rebtained the
lockring, as show» in Figure 53, At least part of the [low severity can be

Hiuked to the canted position of the entrance duriag the last 42,5 ssce of the

tes
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Figure 53.

Postfire Steel Support for

i il

Lockring, Nozzle S/N

21093
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5.0 PROBLEM ASSESSMENT ~ ROTZLE S/N 1

Four signifioant prohlems were observed in the test anl postteat analysins

of nozzle S$/N 1:

Thread leakage, sxit breakup, : d ball extensi. . loss.
Excessive forward splitline srosion.

@ Aluminum oxlde deposition leading to thrust veator control (TVC)
system stall.

& Cracked socket.

The following discussion reflects Chemical Systems Division's (CSD) observa-
tions in conjunction with the characterization studies parformed o posttest

parts and remnants by Atlantic Research Corp. (ARC) (reference 2).

5.1 THREAD LEAKAGE, FXIT BREAKUP, AND JALL EXTENSION 1.03S

It was oonoludad that these problems were related, since tha exit breakup
and ball extenalon loss are belleved to have resulted from the flame-~cutting
effects of the exhaust leakage. The primary cause of the leaicage waz belleved
to bs a bad decis'on on CSD's part to denaify the exit to only 1.7 g/ce {(for the
purpose of saving weight), whereas the data base with wovan 30 carbon-zarhon
(C-C) materials such as this was primarily with materials denaified to about
1.9 g/cc. Density and porosity characteristics of the posttest exit and ball
extenslon were examined by ARC. The results showed & 1.6 g/cc denaity for the
exit, which iz oven lowsr than the reported 1.7 g/cc. The open porcaity of the
exit was determined to be over 21%, compared to 7 to 8% with typleal 1.9 g/ce 3D
C-C muterial. This represents 75% of the total porosity in the exit and resulis
in a specific oper. pore volume for the exit, which is more then double that of
the ball extension These results, coupled with a mismatch in thermal expansion
hetween the exit and bail extenrion and the numercus zones of weave anoalies,
contributed to the problems asscciated wich this test. In aidition, the bhall-
to-exit thresd deslgn was not the Leal. cholee. As discussed i section 6.0, the
K-acme thraad utilized d1d not ancommuodate, in some thresd forons, & full unit
celi of radial and circumterential vundles,  The lack of peintforcements in some

threed teeth probably resulled fu a slgnificant reduction in shesr capablility.

%4
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5.8 BYCEASIVE FORBWARD SPLITLINE BROSION

This problem may or may not have bsen causdd by the 7-1/2 deg ocantad
position of the antrance during the tfinml 42.5 soo of the test, Tt wan
therefore apsumed that the stublness of the entrance was af fault in that 1t
indussd high ciroulstory €low similar to that experienced in saheoais xplitiios
noxzleas. Lengthening the entrunce snd increasing the contraotican rotio o
croate s relat.ively qulescent ssparated flow vsglon near the melitline wan the

proposed solution te this problem.

5.3 ALUMIAUM OXIDE DEPOSITION LEADING TO THRUST VECTOR CONTROL SISTEM STALL
The posttest analysis oconcluded that depesition of aluminum oxide in the
anrnulus between the forward part of che ball and the lockring ceussd actuator

stall.

5.4 CRACKED SOCKET

The crack in the socket was moat likely caused by thoe exit wnd s tustor
lous. The loss of tha contributi:n of the axit to thrust and the losw of the
forward actuator biaa load (pull-on 'y z2eturtors) nsarly tripled the load on the
mocket . Howaever, for futuras designs 1t was deterained best to retain the socket
more pou: tively (on a ramp instead of a oylinder, and with tighter tolerances)
and to change ths socket weava design from a2 conical {rustra to a high-hoop
fraction eylindrical construction, which has more predictable charsotsristics.,




6.0 REDESIGN OF NOZZLE S5/N 3

Nozsle S/N 1 (Flgure S4), was later modlfled to gorrsct the proble s Ldenti-
fled 1n that test snd discussed iu csotions %.0 and 5.0. Dezign changes uwere
made only whers necessaary so thiet purformance in the taest of the second nozrle
could be correlated to the changes., The actuation system deal;n reralned
unchanged airce it performed without probloms during the 8 February 1979 test.
The potentlal solutions considsered in the nozzle redesign are summarized in

Table 3.

6.1 DESIGN CRITERIA
6.1.1 Bal.istics

The revised design waa to be tested on the short length super HIVPO (SLSH)
motor gt the Alr Force Rocket Propulsion Laboratory (AFRPL). The test condi~
tions salected were those representative of sdvanced upper stags oonditicona,
approximately 750 w»ala for 7% sec with & propellat of moderate sroslivengas. The
Government~furnished aquipment (GFE) graln was fabrloated by Chemical Systems
Divisiors (CSD) under AFRPL contract No. FOMT7O0-7%-C-0080. The propellant was

C8's UTP-19,687, a 90% sclids/20% AL/ 12% oyvelotebramathylene betranltramnine
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TrBLE 3.

SUMMARY OF POTENTIAL SOLUTIORS CONSIDERED (N

NOZZLE S/N 1 REDESIGN

T6825

- —vran,

Thrsad leakage . wxit
braakup, and throatl
axtension loss

Excessive forward
3plitlice eroaion

Aluminum oxide

deponition leading
to aystem =tall

? 1. Tacrease exit denaiiy to 1.9 g/os

¢ Langthen the threadsd jeint

3. Add oa stopped-jolint ses) at forward end of
Ligraads

N,  Twprove graphive ceunent applicrtion snd ours

5. Improve ball-to-axit Joint

1. Lengthen entrance ena incresse contractlion
ratio to vreate separated low raglon ab
splitiine

{.  Change Torward ilockring to cirbon phenelia
&0 Treat forward surtface of ball Lo pyrewve.t
deposition

1. Retain aovcket on ramp
2. Tigrten tolerances
3. Change aoocket weava from coninal {rustra to

f ey« dnder with high hoop velume fraation

ety

Cracisd sockat

(EMX) hydroxyl~terminated polvoutadisne (HTPB). This propellant was suncesi-
fully demonstrated in the Jet Propulsisn Laboratory (JPL) high energy perforae
ance noszie Firing, and the C80/8ociete Furcpeens de Propulsion (SEP) advanced

apogee motor firad at AFEPL on 15 November 1975.

The physical dimensions and properties of the certer-pectorated grair arve

presented in Tavle 4. The predicted ballistic conditions were as follows:

Maximum proasure, psia 803
Average pressure, psia T4H
doetion tiae, seo Th.6

The design maximum expseted operatirsg presurs (MEOP) was 1,004 psia (1.£% x maxi~

mum pPresIvre ).

ey




.1.2 TVC

The thrust voctor control (TVC) requirements were ldupilcel to those of

noyzle S/ 1.

Max .mum dellection, deg

Maximun slew rate, deg/sec

Minimum acceleration, deg/sec

Fivot polint

B cainfaxinl
40
300

Forward throat pivot

Since no pioblems were enceuntered with the YYC actuation avsten design

uaed with nozzle S/N 1, 1t remsined unchanged.

The actuation system again con-

gisted of four pull-only hydraulic actuators with an integral feedback potentio-

meter control system.

C1i3134,

The actuator assembly configuration is per CSD drawing

The puli-only nature of ths actuators provided a constant forward load

reducing the net blowoff load due to chamber pressure, and hence torque.

TVC performance calcuiations were made to determine the expected nozzle

reaponse and required actuator hydraulic sapply pressure.

The design paraszters

and expected response of the TVC syatem are presented in Table 5.

TABLE k. DIMZ

K

SIONS AWND

PROPERTIES OF UTP-19,687

73271

Waight
Length
Borty diameter

Web
Propeiant

Burning rate at
1,000 psia

Burning rate
asxponent

Praopeliant densaity
w

Mlams YemDeratupe

13,504 1ba
61.7 in.
§5.7 in.
16,3 1in.,

0.2623 in./sec
0.30%
0. 0653 1b/smo. 3

. e ey e
UL ne

G4 IR

The torque for nozzle S/N 2 woula be
lower than thut for nozzle H/N 1
vacause of the reduced average chamber
pressure (746 versus 1,355 psial.

Sinee the torque would be lower for the
conditions of S/N 2, the hydrauiic
supply pressure to the actuators was
reduced feom 3,000 pat {used for H/N 1)
to 2,000 psl. The reduced supply
preasure provides a reduction in the

bending loads imponad on the axit.

o4 DESTGN MODIFICATTONS
& masor effort of the desten

mod i fioation Inciaded sn lovestlaation




TRBLE 5. TVC DESIGN PARAMETERS AND EXPECTED RESPONSE, KOZZLE S/N 2

T8272
P-' LWt

Actuation moment arm 12.9 inm.

Piston area, accuator £.095 1n,°
Maximum sctuator pull force 12,090 1bf
Maximum torq.e capability of actuator 150,000 in,-1t
Forward bias load, sctuators 2h 121 1bwr

Ball spherical radius £.66 1n,
®pesaign fricticn coefficlent 0.12

Calculated response at MEOP (1004 psia):

T Net blow off load 46,000 1bf
Blowoff torque B¥,241 in.-1b
Aerodynamic torgque 5,500 ip.-1b
Offsat torgue 1,000 1a.=-1b
Total torque 90,735 in.-1d

Safety facteor, actuator capability 1.72:19

® Maximun measured on successful Navy Launch Vehicle Materials firing
August 1078
Ineludes forward blas load contribution from pull-only actuators

of alternative ball-to-exit joint concepts. Evidence from the firat 7-in.
hot ball and socket (HBS) {iring indicated that the exit core fallure initiated
at the 